A sole EBV (Epstein-Barr virus)-encoded protein kinase (EBV-PK) (the BGLF4 gene product) plays important roles in viral infection. Although a number of targets of this protein have been identified, the kinase itself remains largely unstudied with regard to its enzymology and structure. In the present study, sitedirected mutagenesis has been employed to generate mutations targeting residues involved in nuclear localization of the EBV-PK, core residues in subdomain III of the protein kinase domain conserved in most protein kinases or residues in subdomain VIa conserved only within the HPK (herpesvirus-encoded protein kinase) group. Deletion of amino acids 389-391 resulted in exclusive cytoplasmic localization of the protein, indicating the involvement of this region in nuclear translocation of the EBV-PK. Mutations at the amino acids 
INTRODUCTION
EBV (Epstein-Barr virus) is a ubiquitous human gammaherpesvirus, which causes infectious mononucleosis and is closely associated with a number of human malignant diseases, including Burkitt's lymphoma, nasopharyngeal carcinoma, gastric carcinoma and lymphoproliferative disease in immunocompromised patients [1] . The EBV infection cycle consists of latent and lytic programmes. During latency, a limited number of genes are expressed and no progeny viruses are generated; conversely, most of the genes are expressed during the lytic programme, leading to de novo production of infectious virions [2] . The repertoire of viral genes expressed in the lytic programme includes a sole protein kinase [EBV-PK (EBV protein kinase)] encoded by the BGLF4 gene. EBV-PK belongs to a group of CHPKs (conserved herpesviral protein kinases) that are encoded by members of all three subfamilies of herpesviruses [3, 4] ; in human herpesviruses, these include the UL13 protein of HSV (herpes simplex virus) 1 and 2, pUL97 of HMCV (human cytomegalovirus), ORF47 protein of VZV (varicella zoster virus), U69 protein of human herpesviruses 6 and 7, and ORF36 protein of KSHV (Kaposi's sarcoma-associated herpesvirus). EBV-PK is a nuclear serine/threonine protein kinase that is expressed with early kinetics [5, 6] , exhibits certain functional similarities with HCMV (human cytomegalovirus) pUL97 (reviewed in [3, 7] ) and has been identified as a component of the virion tegument [8, 9] . We demonstrated previously using an RNAi (RNA interference) approach that EBV-PK expression is crucial for production of infectious virions [10] , which has been recently supported by a knockout approach [11, 12] . The biological role of EBV-PK is thought to involve phosphorylation of lamin A/C, which in turn promotes disassembly/reorganization of the nuclear lamina required for an efficient nuclear egress [13, 14] .
An increasing number of EBV-PK targets is being identified, including: the products of lytic genes BMRF1 [5, 6, 15] , BZLF1 [16, 17] and BGLF5 [11] ; the products of latent genes EBNA-LP [18] , EBNA2 [19] and EBNA1 [20] ; and several cellular proteins {such as translation elongation factor 1δ [21] , members of the interferon regulatory factor 3 signalling pathway [22, 23] , p27 Kip1 [24] , condensin and topoisomerase II [25] , and MCM (minichromosome maintenance) 4 [26] }. Furthermore, additional targets of EBV-PK were recently identified by means of an EBV protein array [20] , but have yet to be confirmed. In addition to its role in promoting nuclear egress, EBV-PK-mediated phosphorylation was found to: (i) reduce the ability of EBNA2 to transactivate LMP-1 expression [19] ; (ii) recruit xeroderma pigmentosum C protein to enhance viral DNA replication [27] ; (iii) induce premature chromosome condensation [25] ; (iv) inhibit DNA helicase activity of the MCM4-MCM6-MCM7 complex [26] ; and (v) facilitate phosphorylation of GCV (ganciclovir) [28, 29] . Although studies to identify new targets of EBV-PK have intensified, research focusing on regulation of its activity has remained stagnate. To address this deficiency, we have generated a number of EBV-PK mutants targeting: (i) residues conserved among different groups of protein kinases (core residues); (ii) residues conserved only among CHPKs; and (iii) residues assumed to participate in nuclear translocation. Using this panel of mutants, we have mapped a region involved in nuclear localization of EBV-PK and identified a unique CHPKconserved region crucial for its activity.
EXPERIMENTAL

Cell lines and transfection
HEK (human embryonic kidney)-293 (A.T.C.C. CRL-1573), and African green monkey kidney (Vero) (A.T.C.C. CCL-81) epithelial cells were maintained in DMEM (Dulbecco's modified essential medium) supplemented with 10 % fetal bovine serum and antibiotic/antimycotic mixture (Gibco). All transfections were performed using TurboFect reagent (Fermentas) according to the manufacturer's protocol.
Plasmids, site-directed mutagenesis and transfections
The plasmids expressing FLAG-tagged wild-type EBV-PK and untagged EA-D (early antigen diffused) were as described previously [28, 30] . The plasmids pHM829 and pHM840 expressing a β-gal (β-galactosidase)/GFP (green fluorescent protein) fusion protein were as described previously [31] and were generously provided by Thomas Stamminger (University of Erlangen-Nuremberg). The mutants were generated using the QuikChange TM II Site-Directed Mutagenesis (Stratagene) protocol and the following sets of primers: NLS-frw (5 -CAA-TTCTTGCAGTGGTGCGAGAGCTACTTCTTCAAC-3 ) and NLS-rev (5 -GTTGAAGAAGTAGCTCTCGCACCACTGCA-AGAATTG-3 ), and KKR-frw (5 -CAGTGGTGCCGGAG-CCTTTTCAAGGAGAGCTACTTC-3 ) and KKR-rev (5 -GA-AGTAGCTCTCCTTGAAAAGGCTCCGGCACCACTG-3 ). The plasmids pGFP/PK, pGFP/PK-(375-429) and pGFP/PK-(1-77) were generated by subcloning the wild-type EBV-PK, NLS and KKR mutants, and C-terminal (amino acids 375-429) and N-terminal (amino acids 1-77) regions into pEGFP-C2 (Clontech).
Biochemical fractionation
HEK-293 cells were grown on 60-mm-diameter dishes and transfected as described above. At 24-36 h post-transfection, the cells were collected and washed with PBS. The fractionation was performed using the method of Nielsen et al. [32] . Briefly, the cells were resuspended in NIB (nuclear isolation buffer) [15 mM Tris/HCl, pH 7.4, 60 mM KCl, 15 mM MgCl 2 , 15 mM NaCl, 1 mM CaCl 2 , 1 mM PMSF and Halt protease inhibitor mixture (Pierce)] with 0.3 % NP-40 (Nonidet P40) and incubated on ice for 10 min. The nuclei were pelleted by centrifugation at 2000 g for 5 min and the supernatants were transferred to a clean tube (cytosolic fraction). The pellets were washed in NIB with 0.6 % NP-40 and pelleted again (nuclear wash I). The pellets were then resuspended in NIB/0.6 % NP-40, treated with 30 units of micrococcal nuclease (Fermentas) for 8 min at room temperature (23 • C), and centrifuged again to separate insoluble chromatin and soluble nuclear fraction (nuclear wash II). The final pellets were resuspended in 2 mM ice-cold EDTA to yield a soluble chromatin fraction. One-twentieth of each fraction was analysed by immunoblotting as described below.
Immunofluorescence staining
Vero cells were grown on 12-mm round coverslips inserted in a 12-well plate and transfected as described above. At 24-36 h posttransfection, the cells were fixed with 4 % (w/v) paraformaldehyde and permeabilized with 0.5 % Triton X-100 at room temperature. The fixed cells were incubated for 30 min with 5 % (v/v) NGS (normal goat serum) and 3 % BSA to block non-specific antibody binding. The blocking solution was then replaced with anti-FLAG M2 mouse mAb (monoclonal antibody) (Sigma) diluted 1:1000 in 2 % NGS/PBS for 2 h at room temperature. The coverslips were washed with PBS and incubated with Alexa Fluor ® 594-conjugated goat anti-mouse secondary antibodies used at 1:1000 in 2 % NGS/PBS for 1 h. After additional washes, the nuclei were counterstained with Hoechst 33 258 (1 μg/ml in water), washed in water, and mounted in FluorSave TM reagent (Calbiochem). The cells were imaged through an Olympus 60×/1.42 objective on Olympus 1X71 fluorescence microscope and epifluorescence images were recorded at 12-bit depth with a Retiga Exi CCD (charge-coupled device) camera (QImaging).
Immunoblotting
HEK-293 cells were grown in 12-well plates and transfected as described above. At 24-36 h post-transfection, the cells were collected and washed with PBS and whole-cell lysates were prepared in WCL buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 % Triton X-100, 1 % NP-40, 1 % SDS and 2 mM EDTA) supplemented with Halt protease inhibitor mixture. Cell debris was removed by centrifugation at 16 000 g for 15 min. Then, 25-40 μg of the lysates were denatured in Laemmli loading buffer (5 min at 95
• C), resolved by SDS/PAGE (10 and 15% gels), and transferred on to nitrocellulose membranes (Millipore). After incubation in blocking buffer [5 % Difco skimmed milk (BD Biosciences) in TBST (Tris-buffered saline with 0.2 % Tween 20)], the membranes were incubated with anti-FLAG M2 mouse mAb and anti-EA-D mAb (Bioworld Consulting Laboratories) diluted to 1:1000 in blocking buffer overnight. The membranes were washed in TBST and incubated for 1 h with IRDye-800CW-conjugated goat anti-mouse secondary antibody (Li-Cor Biosciences) diluted 1:20 000 in blocking buffer. After additional washes, the proteins of interest were visualized on an Odyssey ® Infrared Imaging System (Li-Cor Biosciences). To verify the efficiency of the biochemical fractionation, membranes were reprobed with anti-histone H3 pAb (polyclonal antibody) (Sigma) and anti-HSP90 (heat-shock protein 90) mAb (StressMarq Biosciences) used at 1:4000 and 1:1000 dilutions respectively.
IP (immunoprecipitation)
HEK-293 cells were grown in 100-mm dishes and transfected as described above. At 24-36 h post-transfection, the cells were collected and washed with PBS, and whole-cell lysates were prepared in IP-150 buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1 % NP-40 and Halt protease inhibitor mixture). Cell debris was removed by centrifugation at 16 000 g for 15 min, and the lysates were pre-cleared by incubation with normal mouse IgG and Protein A/G-agarose beads (Santa Cruz Biotechnology). The supernatants were then incubated with anti-FLAG M2-agarose beads overnight and washed extensively in IP-500 buffer (containing 0.5M NaCl), and the precipitated complexes were used in kinase assays.
Kinase assays
The immunocomplexes obtained after IP were washed twice in kinase buffer (75 mM Hepes, pH 7.3, 200 mM NaCl, 5 mM MgCl 2 , 5 mM MnCl 2 , 1 mM dithiothreitol and 0.1 % NP-40). The kinase assays were performed for 30 min at 37
• C in the same buffer complemented with 50 μM ATP (Sigma) and 5 μCi of [γ -32 P]ATP (specific activity 4500 Ci/mmol, MP Biomedicals). The beads were washed three times with PBS and the proteins were denatured, resolved by SDS/PAGE (10 % gels), and transferred on to nitrocellulose membranes as described above. The membranes were exposed to phosphor screens and analysed with a Cyclone PhosphorImager and OptiQuant software (PerkinElmer). Protein expression levels were verified by immunoblotting.
EBV-PK 'in-cell' activity assay
The assays were performed as described by Marschall et al. [33] . Briefly, HEK-293 cells were transfected in 96-well plates using Lipofectamine TM reagent (Invitrogen). At 24 h post-transfection, transfection media were replaced with serial dilutions of GCV in complete DMEM. At 7 days post-transfection, a change in the colour of the culture medium and cytotoxic effects were evaluated by direct microscopic observation and photometric quantification using an ELISA plate reader (O.D. 560 ).
RESULTS
Deletion of amino acids 389-391 results in cytoplasmic localization of the EBV-PK
The C-terminus of EBV-PK contains a stretch of basic amino acids (R 386 SLKKRFK 393 ), which may target the protein to the nucleus based on its similarity with known NLSs (nuclear localization signals) (reviewed in [34] ). Consistent with this possibility, we have demonstrated previously that deletion of 55 amino acids from the C-terminus of EBV-PK results in its cytoplasmic localization [35] . To determine whether amino acids 386-393 are necessary for the nuclear localization of the EBV-PK, the following mutants were generated: PK 386-393 FLAG in which eight amino acids containing five basic residues were deleted, and PK 389-391 FLAG in which only three amino acids that lie in the core of this stretch were deleted. The wild-type EBV-PK or the mutants were expressed ectopically in Vero cells and their subcellular distribution was visualized by immunostaining. In the majority of cells, wild-type EBV-PK localized exclusively in the nucleus (Figure 1 ) exhibiting a mostly diffuse nuclear pattern. In contrast, the mutant protein PK 386-393 FLAG localized in the cytoplasm in virtually all cells analysed, therefore suggesting that this region is involved in nuclear localization of the EBV-PK. Likewise, the mutant protein PK 389-391 FLAG demonstrated nearly identical cytoplasmic localization.
To validate further the results of immunofluorescence staining, we employed a biochemical fractionation approach, which allows separation of cytoplasmic, soluble nuclear and chromatin fractions from the cells expressing the wild-type EBV-PK or the mutants. HEK-293 cells were transfected with respective constructs and the cell lysates were fractionated (Figure 2A ). We first tested the efficiency of the fractionation method by probing the resulting fractions for the cytoplasmic protein HSP90α [36] and the chromatin-associated protein histone H3. The majority of HSP90 was detected in the cytoplasmic fraction ( Figure 2B , lanes 1, 5 and 9), but residual amounts of HSP90 were detected in soluble nuclear fractions N 1 and N 2 ( Figure 2B, lanes 2, 3, 6 , 7, 10 and 11), perhaps due to the incomplete lysis of some cells or due to the fact that small amounts of the protein can localize in the nucleus. Histone H3 was detected only in the chromatin fraction ( Figure  2B, lanes 4, 8 and 12 ). Wild-type EBV-PK co-fractionated with the chromatin fraction ( Figure 2B, lane 4) , which suggests that the protein is tightly bound to the chromatin. In contrast, both mutant proteins were mainly detected in the cytoplasmic fraction ( Figure  2B , lanes 5 and 9 respectively) and low levels were also detected in the soluble nuclear fraction N 1 (Figure 2, lanes 6 and 10) . Consistent with the data obtained by immunofluorescence staining (Figure 1) , the results of biochemical fractionation indicated that The constructs EBV-PK FLAG , PK 386-393 FLAG and PK 389-391 FLAG were expressed in Vero cells, fixed and immunostained with anti-FLAG antibodies (red). Nuclei were counterstained with Hoechst 33258 (blue). Images (at ×600 magnification) were recorded in separate channels and merged in Image-Pro Plus software (Media Cybernetics).
the region between amino acids 386 and 393 is essential for nuclear localization of EBV-PK.
C-terminal amino acids 386-393 of EBV-PK are not sufficient for nuclear translocation
Classical NLSs [such as that of the SV40 (simian virus 40) large-T antigen] are able to act autonomously by translocating normally cytoplasmic proteins to the nucleus [37] . To examine whether the C-terminal amino acids 386-393 of the EBV-PK was sufficient to translocate a cytoplasmic protein to the nucleus, amino acids R 386 SLKKRFK 393 or K 389 KR 391 of EBV-PK were introduced into plasmids that encode a chimaeric β-gal-GFP reporter protein and which were termed pβ-gal/PK-(386-393)/GFP and pβ-gal/PK-(389-391)/GFP (Figure 3) . The plasmids were expressed ectopically in Vero cells, and the expression of the fusion proteins was monitored by fluorescence microscopy as shown in representative images in Figure 3 . β-Gal is a large tetrameric protein lacking nuclear-targeting sequences and hence is known to localize strongly in the cytoplasm, as is evident for the control β-gal/GFP fusion protein (Figure 3) . The autonomous NLS of SV40 large-T antigen cloned between the GFP and β-gal caused the fusion protein to translocate to the nucleus. However, neither R 386 SLKKRFK 393 nor K 389 KR 391 were able to translocate the respective fusion proteins to the nucleus (Figure 3) . Hence, amino acids 386-393 of EBV-PK are not sufficient for the nuclear translocation of an exogenous cytoplasmic protein.
We reasoned that the short region used in these assays may not contain all of the necessary components for nuclear localization and thus examined whether larger parts of the EBV-PK promoted nuclear translocation. To this end, additional GFP-fusion constructs were generated: pGFP/PK contains a wildtype EBV-PK fused with the C-terminus of the GFP; pGFP/PK-(375-429) contains 55 C-terminal amino acids fused with the C-terminus of the GFP; and pPK-(1-77)/GFP contains 77 Nterminal amino acids of the EBV-PK fused with the N-terminus of GFP. As in the previous assay, the constructs were expressed in Vero cells and GFP expression was monitored by fluorescence microscopy ( Figure 4) . Wild-type EBV-PK was able to target the GFP-fusion protein to the nucleus in the majority of cells analysed. In contrast, neither N-nor C-terminal parts of the EBV-PK were able to do so, and most cells analysed exhibited a mixed distribution identical with the distribution of the GFP expressed by itself (Figure 4 ). Taken together, these observations suggest that amino acids 386-393 and even larger parts of the EBV-PK (amino acids 375-429) are not sufficient for nuclear translocation and cannot operate autonomously.
Amino acid alignments of the CHPK kinase domains
Several previous reports have comprehensively compared sequence homology between the CHPKs using different The DNA sequences encoding amino acids 386-393 or 389-391 of EBV-PK were cloned into pHM829 [31] 'in-frame' between the β-gal and GFP genes. The resulting constructs were transfected into Vero cells, and subcellular localization of the fusion protein (green) was monitored by fluorescence microscopy. Parental vector (expressing β-gal/GFP fusion protein) and pHM840 (carrying SV40 T-antigen NLS) (expressing β-gal/TAg-NLS/GFP fusion protein) served as markers for cytoplasmic and nuclear localization respectively. Nuclei were counterstained with Hoechst 33258 (blue). Images (at 600 × magnification) were recorded in separate channels and merged in Image-Pro Plus software (Media Cybernetics).
alignment algorithms [7, 38, 39] . The authors of these studies concluded that overall sequence homology is very limited both within the group or when compared with cellular protein kinases. However, like most other kinases, CHPKs share a number of highly conserved key core components, which are involved in basic catalytic functions, such as ATP binding, transfer of γ -phosphate to substrate and/or release of ADP (reviewed in [40] ). Of these, the following are known to perform catalytic roles: (i) an invariable glycine residue of the G-rich loop (GXG • XXG) between β1 and β2 strands [Gly 52 in PKA (protein kinase A)], which anchors the non-transferable phosphates of ATP; (ii) a basic residue (most often lysine) within the β3 strand (Lys 72 in PKA) that hydrogen bonds to the α and β oxygen atoms of bound ATP; (iii) an acidic residue (most often glutamate) in the C-helix (Glu 91 in PKA) that hydrogen bonds to Lys 72 and thus positions this basic residue; (iv) the DFG-motif aspartate residue (Asp 184 in PKA), which co-ordinates with ATP and the bound Mg 2+ ; (v) the catalytic aspartate residue within the HXDmotif (Asp 166 in PKA); and (vi) an asparagine residue within
Figure 4 Intracellular localization of the EBV-PK/GFP fusion proteins
Full-length EBV-PK and its C-and N-termini (amino acids 375-429 and 1-77 respectively) were cloned into pEGFP vectors to yield respective GFP-fusion proteins. The resulting constructs were transfected into Vero cells and subcellular localization of the fusion protein (green) was monitored by fluorescence microscopy. Nuclei were counterstained with Hoechst 33258 (blue). Images (at ×600 magnification) were recorded in separate channels and merged in Image-Pro Plus software (Media Cybernetics).
the catalytic loop (Asn 171 in PKA) that also co-ordinates with the ATP-bound Mg 2+ ( Figure 5 ). Since the reported alignments slightly differ in predictions of a few kinase core components, we used T-Coffee software [41, 42] to generate additional alignments, two of which are presented in Figure 5 : an alignment of kinase domains from seven CHPKs encoded by human herpesviruses of all three subfamilies ( Figure 5A) ; and an alignment of CHPKs encoded by different gammaherpesviruses ( Figure 5B ). Both alignments identified the highly conserved elements mentioned above, but they also posed two interesting questions: (i) an invariable C-helix glutamate in subdomain III differs in different alignments, so that in the alignment of kinase domains ( Figure  5A ), the glutamate corresponding to EBV-PK Glu 109 was conserved, whereas in the alignment of gammaherpesviral CHPKs, Glu 113 was conserved ( Figure 5B) ; and (ii) a cluster of residues conserved in all CHPKs, but not in other known kinases [38] was identified. This cluster consists of mainly hydrophobic amino acids ( Figure 5A) in EBV-PK and tested their autoand allo-phosphorylation activities.
Identification of the core glutamate in subdomain III of the EBV-PK
Since different alignment algorithms identified different conserved glutamate residues in subdomain III, we set to experimentally verify the activity of mutants in which the candidate glutamate residues were replaced with alanine residues (E109A, E113A and E128A respectively). The mutants were expressed in HEK-293 cells with or without EBV EA-D (BMRF1 gene product), a known EBV-PK target [5, 6, 15] , and their activity in IP/kinase assays (autophosphorylation) or their ability to hyperphosphorylate EA-D were assessed. Figure 6 demonstrates that the wild-type EBV-PK autophosphorylates (as visualized by incorporation of 32 P and autoradiography) and hyperphosphorylates EA-D (as evident from the retardation of its electrophoretic mobility [6] ), whereas EBV-PK K102A mutant (in which the invariant Lys 102 is mutated) was inactive in both assays ( Figure 6, lanes 1 and 2) . Both E109A and E128A mutants ( Figure 6, lanes 3 and 5 respectively) exhibit levels of auto-and allo-phosphorylation activity comparable with that of the wildtype kinase ( Figure 6, lane 1) , suggesting that these residues are dispensable for the kinase activity. In contrast, E113A ( Figure 6 , lane 4) displayed minimal activity in both assays, suggesting that EBV-PK Glu 113 is essential for the optimal kinase activity and is probably a homologue of Glu 91 in PKA. Notably, the observation that E113A retained a certain level of activity correlates with its potential function, which is to position the invariant Lys 102 ; in the absence of this glutamate residue, Lys 102 becomes 'disoriented' and cannot interact efficiently with ATP, thus limiting, but not eliminating, the activity of the kinase.
Involvement of the CHPK conserved residues in EBV-PK activities
A number of hydrophobic residues in subdomain VIa are conserved in CHPKs ( Figure 5A ), but not in cellular protein kinases. In fact, this subdomain does not contain any conserved elements and is therefore thought to be less important for kinase activity [43] . High conservation of several residues in this region of the CHPKs led us to hypothesize that, in this group of enzymes, conserved residues in subdomain VIa are essential for their kinase activity. To determine the significance of these conserved residues, we replaced them with alanine (except for Ala 181 , in which the alanine residue was replaced with glycine), expressed the resulting constructs in HEK-293 cells, and tested their activity in autophosphorylation and in phosphorylation of the protein target, and their ability to promote the phosphorylation of GCV (Figure 7) . The autophosphorylation was evaluated by the IP/kinase assay ( Figure 7A ), which showed that (i) L178A, F184A and N186A ( Figure 7A , lanes 4, 6 and 8) had no detectable autophosphorylation activity [similar to the K102A mutant ( Figure 7A , lane 2) described above], (ii) the autophosphorylation activity of F175A and L185A ( Figure  7A, lanes 3 and 7) was significantly reduced in comparison with the wild-type EBV-PK ( Figure 7A, lane 1) , and (iii) the autophosphorylation activity of A181G ( Figure 7A , lane 5) was comparable with that of the wild-type EBV-PK. The mutants were then assayed for their ability to hyperphosphorylate EBV EA-D ( Figure 7B ). The results of this assay corroborated the results obtained in IP/kinase assays as was evident by the lack of EA-D hyperphosphorylation for F175A, L178A, F184A and N186A mutants ( Figure 7B, lanes 3, 4, 6 and 8) . As in the previous assay, A181G exhibited wild-type levels of activity ( Figure 7B , lane 5), and the activity of L185A nearly matched wild-type levels as well ( Figure 7B, lane 7) . From the results, we can conclude that Leu 178 , Phe 184 and Asn 186 , and, to a lesser extent, Phe 175 and Leu 185 , are functionally crucial for both auto-and allo-phosphorylation, whereas Ala 181 is not. Since EBV-PK (similar to HCMV pUL97) is able to promote GCV phosphorylation when expressed in cell culture [35, 44] , we tested the ability of these mutants to phosphorylate GCV using a previously described 'in-cell' kinase activity assay [33] . The GCV is converted into its monophosphate (and eventually triphosphate) form more efficiently in the presence of active HCMV pUL97 or EBV-PK and this method is therefore quite useful in evaluating the activity of these enzymes. The A181G mutant again exhibited levels of activity comparable with the wild-type EBV-PK. The activities of the rest of the mutants was slightly higher than the background of the assay [activity of RFP (red fluorescent protein)] ( Figure 7C ). Expression levels of all proteins tested were equal as confirmed by immunoblotting. Hence the results of this assay are in agreement with the results observed with autoand EA-D-phosphorylation experiments, which suggest that the CHPK-conserved residues (except for A181G) are functionally significant for all aspects of the EBV-PK (and potentially other CHPKs) activity.
DISCUSSION
Nuclear localization of the EBV-PK and CHPKs
All CHPKs have been characterized as nuclear proteins [7, 25, 35, [45] [46] [47] except for HSV-1 UL13, for which the reports are conflicting [7, 25] . HCMV pUL97 is probably the most studied member of the group with regard to intracellular localization [45, 48] . The HCMV pUL97 sequence contains two NLS-like regions (identified on the basis of homology with several viral NLSs); however, neither of these regions was essential for nuclear translocation of the GFP-fusion protein. The existence of a non-conventional NLS located between amino acids 48 and 110 of pUL97 has eventually been proposed, therefore suggesting that both identifiable NLSs are dispensable for the nuclear translocation [48] . Results of the present study imply that the NLS-like region at the C-terminus of EBV-PK is crucial for the nuclear localization of the protein (Figures 1 and 2 ), yet the same region or even the whole C-terminus (amino acids 375-429) were unable to act autonomously (Figures 3 and 4) . In contrast, the wild-type EBV-PK efficiently translocated to the nucleus by itself (Figure 1 ) or as a fusion protein with GFP ( Figure 4) . Several conclusions can be drawn from these observations. First, nuclear translocation of the EBV-PK is an active transport (not a passive diffusion), which is evident from the nuclear localization of the GFP-protein kinase fusion protein, which exceeds the molecular mass threshold for passive transport (∼ 50 kDa), and cytoplasmic localization of the PK 386-393 FLAG and PK 389-391 FLAG mutants. Secondly, amino acids 386-393 are essential, but not sufficient, for the nuclear localization. Thirdly, it is possible that some region (or regions) within the kinase domain contribute to the nuclear localization of EBV-PK; however, attempts to use a deletion approach inside the kinase domain will probably cause misfolding of the resulting protein, which, in turn, will distort its localization pattern.
Impairment of kinase activity by mutagenesis of conserved residues of the EBV-PK
Although over 1000 protein kinase structures are available, homology-based predictions of CHPK structures remain unreliable, suggesting that this group of kinases is sufficiently different from protein kinases found in other organisms. Furthermore, protein sequence homology even within the group remains sufficiently low (usually 15-20 % [7] ) and only increases when protein kinases from the same subfamily of herpesviruses are compared. Despite such a low homology, many key catalytic residues of the kinase fold are readily identifiable in CHPKs ( [7, 38] and Figure 5) , albeit a few of them, such as an invariable glutamate residue in subdomain III or an APE (Ala-Pro-Glu) consensus motif in subdomain VIII, are harder, if not impossible, to identify. In the present study, we used protein sequence alignments as a guide to experimentally verify the importance of several conserved residues for the EBV-PK activity. We have considered three candidates for the subdomain III glutamate residue: Glu 109 ( Figure 5A ); Glu 113 ( [38] and Figure 5B) ; and Glu 128 [7] , and found that only Glu 113 was crucial for both protein substrate phosphorylation and autophosphorylation ( Figure 6 ). In another set of experiments, we analysed the activity of EBV-PK mutants that targeted a group of amino acids in subdomain VIa uniquely conserved in CHPKs ( Figure 5A ) and found that most of them are critical for all EBV-PK activities tested (autophosphorylation, hyperphosphorylation of EA-D and GCV phosphorylation) (Figure 7) . These results correlate with data reported for HCMV pUL97 mutant L446R (homologue of L185A), but contrast the data for HCMV pUL97 A442V (homologue of A181G) [49] . The activity of A442V was significantly reduced, whereas A181G was as active as a wildtype ( Figure 7) . The difference can be explained by the choice of the replacing residue: bulkier valine may have a stronger effect on activity than glycine. Overall, these results again reiterate the need for additional structural studies to gain a more complete understanding of the function of this region.
Studies of conserved herpesviral protein kinases illustrate several important points. First, from the evolutionary standpoint, this group demonstrates that divergence of herpesviruses resulted in significant sequence variation even for the proteins with presumably conserved activities, perhaps due to the adaptation to the specific host cell environment (i.e. neuronal and lymphoid persistence) or due to a gain of additional functions (such as phosphorylation of small metabolites in addition to protein substrates). On the other hand, even though CHPKs belong to a group of herpesvirus core (or ancestral) proteins [50] [51] [52] , this divergence did not affect crucial key elements, which probably originated from a common herpesvirus ancestor including those components that are unique to this group of proteins. Secondly, from the biochemical standpoint, this group of kinases represents a novel potentially diverse group, which will contribute to our general knowledge of protein kinase structure, substrate selectivity and evolution of the kinase fold. Finally, identification of the unique conserved region in CHPKs has an added practical significance: targeting this region may be an effective way to generate antiviral compounds with minimal off-target effects, unlike the majority of current compounds which target the ATPbinding pocket and are often not highly selective.
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